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ABSTRACT
The Dark Energy Survey (DES) has recently completed the Science Verification phase (SV), collect-
ing data over 150 sq. deg. of sky. In this work we analyze to what extent it is beneficial to supplement
the analysis of DES data with CMB lensing data. We provide forecasts for both DES-SV and for the
full survey covering 5000 sq. deg. We show that data presently available from DES-SV and SPT-SZ
would allow a ∼ 8% measurement of the linear galaxy bias in three out of four redshift bins. We fur-
ther show that a joint analysis of cosmic shear, galaxy density and CMB lensing data allows to break
the degeneracy between the shear multiplicative bias, the linear galaxy bias and the normalization of
the matter power spectrum. We show that these observables can thus be self calibrated to the percent
or sub-percent level, depending on the quality of available data, fraction of overlap of the footprints
and priors included in the analysis.
1. INTRODUCTION
Observations of the cosmic microwave background at
high redshift and high resolution (ACT1, SPT2, Planck3,
PolarBear4) and of galaxies and cosmic shear at low red-
shift (DES5, LSST6, Pan-Starrs7, Euclid8, WFIRST9)
are taking great strides toward a precise characteriza-
tion of the universe. While each observational effort tar-
gets a specific category of objects/phenomena, a fuller
understanding of the universe does arise from conceiv-
ing it as a network of interrelated phenomena. On the
one hand, galaxy and cosmic shear surveys target lu-
minous objects that grow in the gravitational potential
wells sourced by the dark matter overdensities. On the
other hand, high resolution CMB lensing experiments
measure (Smith et al. 2007; Das et al. 2011; van Enge-
len et al. 2012; Ade et al. 2013b) the matter overdensity
along a given line of sight integrated all the way to the
last scattering surface. Since galaxies populate the scaf-
folding provided by the dark matter cosmic web, a non-
negligible cross-correlation between these “tracers” and
the CMB lensing signal was expected (Das & Spergel
2009) and has recently been detected (Sherwin et al.
2012; Bleem et al. 2012; Holder et al. 2013; Geach et al.
2013). Most importantly, because CMB lensing is sensi-
tive only to the matter field, such cross-correlations carry
fundamental information about the biasing relation ex-
isting between the tracers and the density field. Two
relevant examples are provided by the shear multiplica-
tive bias and by the linear galaxy bias.
Crucial to the success of any cosmic shear survey is the
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1 http://www.physics.princeton.edu/act
2 http://pole.uchicago.edu
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4 http://bolo.berkeley.edu/polarbear/
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7 http://pan-starrs.ifa.hawaii.edu/public/
8 http://sci.esa.int/jump.cfm?oid=45403;
9 http://wfirst.gsfc.nasa.gov/
constraining of the multiplicative bias, a systematic intro-
duced in the shear measurement by the algorithms cor-
recting for atmospheric seeing and for the instrumental
distortions of the telescope’s point spread function (Hey-
mans et al. 2006; Huterer et al. 2006; Amara & Refregier
2008). This systematic is particularly insidious because
it is completely degenerate with the normalization of the
density power spectrum and can lead to a serious degra-
dation in the accuracy of the measured cosmological pa-
rameters (Huterer et al. 2006; Amara & Refregier 2008;
Semboloni et al. 2008). A first method to constrain it
using the impact of lensing on the size and luminosity
distributions of galaxies was proposed in Vallinotto et
al. (Vallinotto et al. 2011). Also, Vallinotto (Vallinotto
2012) showed how in principle the cross-correlation of
CMB lensing and cosmic shear measurements can be
used to constrain this systematic.
The linear galaxy bias b(z) is the simplest (and crud-
est) physical observable relating the number overdensity
of galaxies δg(k, z) to the overdensity in the dark matter
δ(k, z) through δg(k, z) ≡ b(z)δ(k, z). While this relation
is expected to break down when non-linearities in struc-
ture formation start to become significant10, the galaxy
bias still carries relevant physical information about the
clustering of galaxies on large scales. Constraining the
redshift dependence of this bias is crucial for any exper-
iment aiming at probing the nature of gravity through
measurements of the growth of structure.
In this work we show how supplementing cosmic shear
and galaxy density measurements with cosmological in-
formation from CMB lensing can be used to constrain
both the galaxy bias and the shear multiplicative bias.
These constraints in turn lead to a significant improve-
ment in the constraints that these costly surveys can put
on cosmological parameters at no additional cost. While
the treatment is completely general, here we present fore-
casts for the Dark Energy Survey (DES) coupled with
present and future measurements of CMB lensing. DES
10 A generalization of the technique proposed here to the case
of a scale and redshift dependent bias b(k, z) is straightforward.
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2Parameter DES + SPT-SZ DES + SPT-SZ
No Planck prior Planck Prior
b0 1.05e-01 3.37e-02
b1 7.92e-02 4.02e-02
b2 7.16e-02 5.07e-02
b3 7.55e-02 4.78e-02
TABLE 1
Fractional errors on the linear galaxy biases forecasted
at Lmax = 3000 for DES SV and SPT-SZ.
is a photometric survey measuring weak lensing and
galaxy density over 5000 sq. deg. in the redshift range
z ∈ [0.0; 1.3] 11. Currently, DES has completed the
science verification run (SV) covering 150 sq. deg. at
full depth. For CMB lensing we consider two cases:
the current run of the South Pole Telescope (SPT-SZ),
which has already generated CMB lensing maps for 2500
sq. deg., and a hypothetical next generation polarization
experiment (CMB-X) with specifications similar to ACT-
Pol or a shallower version of SPT-3G and covering 4000
sq. deg.
2. OBSERVABLES
Supplementing cosmic shear and galaxy density data
with information from CMB lensing should provide a way
to constrain the biases characterizing the formers and
thus should lead to improved constraints on the cosmo-
logical parameters (Vallinotto 2012). We consider three
observables: the convergence field extracted from the
CMB experiment (κobs) using optimal quadratic estima-
tors (Hu & Okamoto 2002; Hirata & Seljak 2003), the
average convergence field measured by the galaxy survey
using cosmic shear in the i-th redshift bin (κ¯obsi ) and the
galaxy density field measured by the galaxy survey in the
same redshift bin (δobsi ). We choose the pixelization in
Fourier space, so that
κobslm =κlm + κ
N
lm, (1)
κ¯obsi,lm= (1 +mi) κ¯i,lm + κ¯
N
i,lm, (2)
δobsi,lm= δi,lm + δ
N
i,lm, (3)
where mi represents the shear multiplicative bias and
the superscript “N” denotes the noise contributions. As-
suming that weak lensing and galaxy density are mea-
sured in n redshift bins, for each set of {l,m} there are
2n+ 1 observables {κobslm , κ¯obs1,lm, ..., κ¯obsn,lm, δobs1,lm, ..., δobsn,lm}.
The total number of observables Ntot is thus
Ntot = a
lmax∑
l=1
(2l + 1), (4)
where a = 2n (a = 1) for the region observed only by the
galaxy (CMB lensing) survey and a = (2n + 1) for the
region where these overlap.
3. GENERAL TREATMENT OF CORRELATORS
Using Limber’s approximation, it is straightforward to
show that all auto and cross spectra between two of the
11 https://www.darkenergysurvey.org/reports/proposal-
standalone.pdf.
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Fig. 1.— Fractional error forecasted for the linear bias measured
in each of the four redshift bins z = 0 − 0.5 − 0.8 − 1 − 1.3 as a
function of the maximum multipole Lmax included in the analysis.
The solid curves show results for DES + SPT-SZ lensing. The
dashed curves show the effect of including also a Planck prior on
the cosmological parameters.
above physical observables (denoted by A and B) take
the generic form
CAB(l) =
∫ ∞
0
dχ
gA(χ) gB(χ)
χ2
Pδ
(
l
χ
, χ
)
, (5)
where χ denotes the comoving distance and Pδ(k, χ) the
matter power spectrum. The g functions encode how
each observable is tied to the underlying density field
and contributes to the correlation signal. The window
function for the CMB lensing, weak lensing convergence
and galaxy density fields (denoted by respectively by gκ,
gκ¯,i and gδ,j) are given by
gκ(χ)≡ 3ΩmH
2
0
2c2
D(χ)D(χCMB − χ)
D(χCMB) a(χ)
, (6)
gκ¯,i(χ)≡ 3ΩmH
2
0
2c2 a(χ) η¯i
∫ ∞
χ
dχ′ η(χ′)
D(χ)D(χ′ − χ)
D(χ′)
, (7)
gδ,j(χ)≡ η(χ) bj Π(χ;χj , χj+1)/η¯j , (8)
η¯i≡
∫ ∞
0
dχ η(χ)Π(χ;χi, χi+1), (9)
where χCMB denotes the comoving distance to the last
scattering surface and Π(χ;χi, χi+1) is a top hat window
function for the i-th redshift bin stretching from χi to
χi+1. Furthermore, D(χ) denotes the comoving angular
diameter distance, bj represents the galaxy bias in the
j-th redshift bin and η(χ) ≡ dNg(χ)/dΩ is the galaxy
number density per unit of solid angle observed by the
survey at comoving distance χ.
Next, consider the auto and cross-spectra of the noise
terms. Because the physical observables are measured
with different techniques or by different experiments alto-
gether, it is reasonable to assume the noise cross-spectra
to be uncorrelated with respect to one another,
〈κNlm κ¯Ni,lm〉 = 〈κ¯Ni,lm δNj,lm〉 = 〈δNj,lm κNlm〉 = 0 ∀i, j.
(10)
The noise auto spectra depend on the characteristics
of the respective experiments. For the observables mea-
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Fig. 2.— Constraints on b1 (left panel) and m1 (right panel) forecasted for DES + CMB lensing with no footprint overlap (dashed), DES
+ CMB lensing with no footprint overlap and Planck prior (dot-dashed), DES + CMB lensing with full overlap (dotted), DES + CMB
lensing with full overlap and Planck prior (solid) as a function of the maximum multipole Lmax included in the analysis. The constraints
on the other bias parameters closely follow the ones plotted here.
sured by DES, they are given by
CNκ¯iκ¯j (l) = δij〈γ2int〉/η¯i, (11)
CNδiδj (l) = δij/η¯i, (12)
where 〈γ2int〉1/2 is the rms intrinsic shear.
To quantify the impact of including cross-correlation
information and of overlapping the experiments’ foot-
prints, we use the Fisher information matrix
Fαβ =
1
2
Tr
[
C,αC
−1C,βC−1
]
, (13)
where C (C,α) represent the (derivative with respect to a
generic parameter α of the) observables’ covariance ma-
trix. To consider different scenarios where the experi-
ments’ footprints overlap to different degrees, we proceed
as follows. Given a specific configuration, we first quan-
tify the area of the regions where the two experiments
footprint do or do not overlap. Then for each distinct
region we calculate the Fisher information matrix, in-
cluding the cross-correlation information of the different
observables as appropriate. The Fisher matrices thus ob-
tained are then added together to yield the total Fisher
matrix pertaining to that particular experimental config-
uration.
If including cross-correlation information allows to con-
strain the biases, it is then important to quantify the
impact of this on the measurement of the cosmological
parameters. The parameters of interest for the analy-
sis are thus the multiplicative and galaxy biases {mi, bi}
for each redshift bin and the cosmological parameters
{Ωm,Ωb, h, w0, Neff , ns, As, σ8}. The forecasts presented
next are obtained making the following assumptions:
• DES: the distribution of sources dNg(χ)/dΩ is mea-
sured directly from DES mock catalogs covering
220 sq. deg. with i ≤ 24 magnitude cut. The
dNg/dz distribution peaks around z ' 0.6, with a
number density of weak lensing sources of ∼ 14.7.
We assume the conservative value 〈γ2int〉1/2 = 0.35
and four redshift bins: 0− 0.5− 0.8− 1− 1.3.
• CMB lensing: we use the noise curves CNκκ calcu-
lated for SPT-SZ (CMB-X) assuming CMB maps
with noise level of 18 (5) µK-arcmin.
• The fiducial cosmology assumed is a flat ΛCDM
cosmology consistent with Planck (Ade et al.
2013a). The constraints presented for a given pa-
rameter are obtained by marginalizing over all the
other ones.
4. FORECASTS FOR DES-SV AND SPT-SZ
For DES-SV we assume a footprint of 150 sq. deg. over
which only galaxy densities (no cosmic shear) are mea-
sured at full depth, consistent with the survey’s present
status. For SPT we assume a 2500 sq. deg. footprint com-
pletely overlapping DES’ and CMB lensing measured ac-
cording to the telescope’s current noise curve. The frac-
tional errors forecasted for the linear galaxy bias mea-
sured in the four redshift bins are summarized in Tab. 1
and shown in Fig. 1 as a function of the maximum mul-
tipole Lmax included in the analysis. Since σ8 and bi are
completely degenerate, a forecast for the constraints on bi
cannot be obtained for DES data alone. The solid curves
show the constraints obtained for DES-SV + SPT lens-
ing. The dashed curves show the effect of including also
a Planck prior on the cosmological parameters. These
results show that when analyzed together, the existing
data from DES-SV and SPT-SZ can lead to a measure-
ment of the linear galaxy bias of the order of ∼ 8% in the
last three redshift bins. The inclusion of a Planck prior
leads to projected errors of the order of ∼ 5%.
5. FORECASTS FOR DES FULL SURVEY AND CMB-X
In this case for DES we assume the full 5000
sq. deg. footprint, with measurements of both galaxy
density and cosmic shear. For CMB-X we use a 4000
sq. deg. footprint and the lensing reconstruction noise
curves projected for an experiment with a depth of 5
µK-arcmin.
In Fig. 2 we show the constraints on b1 and m1 (the
others bias parameters closely following these ones) as a
function of Lmax for four different cases: DES + CMB-
X lensing with no footprint overlap (dashed), DES +
4DES D+CL D+CL D+CL D+CL
Only No ovlp Full ovlp No ovlp Full ovlp
Plnk Prior Plnk Prior
σ8 2.08e-01 7.77e-02 2.59e-02 2.74e-02 1.92e-02
Ωm 4.04e-02 3.81e-02 3.16e-02 3.05e-03 2.97e-03
Ωb 1.38e-01 1.22e-01 1.05e-01 4.53e-03 4.51e-03
Neff 2.09e-01 1.98e-01 1.76e-01 9.22e-02 7.96e-02
w 4.47e-02 4.12e-02 3.38e-02 3.03e-02 2.23e-02
ns 2.31e-02 1.63e-02 1.02e-02 2.40e-03 2.36e-03
As 8.51e-02 5.61e-02 4.29e-02 1.91e-02 1.81e-02
h 6.63e-02 4.53e-02 1.59e-02 1.43e-02 1.13e-02
m0 1.70e-01 3.51e-02 1.96e-02 2.20e-02 1.93e-02
m1 1.69e-01 2.81e-02 8.78e-03 1.32e-02 8.48e-03
m2 1.68e-01 2.71e-02 8.19e-03 1.28e-02 7.99e-03
m3 1.68e-01 2.64e-02 7.48e-03 1.22e-02 7.30e-03
b0 1.67e-01 1.73e-02 1.15e-02 7.16e-03 6.67e-03
b1 1.67e-01 1.72e-02 1.28e-02 9.84e-03 9.25e-03
b2 1.67e-01 1.81e-02 1.30e-02 1.14e-02 1.08e-02
b3 1.67e-01 1.76e-02 1.38e-02 1.14e-02 1.06e-02
TABLE 2
Fractional errors on each of the parameters (all the
other ones having been marginalized over) estimated at
Lmax = 3000 for the full DES (D) and CMB-X lensing (CL)
surveys.
CMB-X lensing with full footprint overlap (dotted), DES
+ CMB-X lensing with no footprint overlap and Planck
prior (dot-dashed) and DES + CMB-X lensing with full
footprint overlap and a Planck prior (solid). The pro-
jected errors on all the parameters are summarized in
Tab. 212. They show that when information from CMB
lensing is included in the analysis, the multiplicative and
linear galaxy bias can be constrained to the percent or
sub percent level depending on whether the experiments’
footprints overlap and whether a prior on the cosmologi-
cal parameter is added. Also, considering the constraint
on the equation of state of dark energy, these results
show that, regardless of whether a prior is assumed or
not for the cosmological parameters, overlapping the ex-
periments’ footprints leads quite generally to a sensible
improvement in the error on w.
6. DISCUSSION
The key point of all the results presented thus far is the
following. For a survey aiming at constraining cosmology
through cosmic shear and galaxy density measurements,
the set of parameters {σ8, bi,mi} is completely degener-
ate. It is then clear that any information that can po-
tentially break these degeneracies, whenever added to the
analysis, will improve the constraints on the cosmologi-
cal and bias parameters. In the results presented above,
three different kinds of information are at play in break-
ing these degeneracies: the Planck prior on the cosmo-
logical parameters, the cosmological information carried
by CMB lensing alone and the cross-correlation infor-
mation (CMB lensing + galaxies and CMB lensing +
cosmic shear) arising when the experiments’ footprints
do overlap. Their effect can be clearly noted by compar-
ing the curves in Fig. 2 and considering columns 1-5 of
Tab. 2. First, it is possible to point out that just the
inclusion of CMB lensing information, even in a patch
12 In the “DES only” case we add a 50% prior on the completely
degenerate set {σ8, bi,mi} in order to invert the Fisher matrix
which would otherwise be singular.
of sky not overlapping with the one surveyed by the
galaxy survey, allows to drastically constrain the galaxy
and multiplicative bias to a few percent. Next, consid-
ering the dashed curves (DES + CMB-X, no overlap,
no prior) as a baseline, Fig. 2 shows that multiplicative
bias seems to be more sensitive to the overlapping of the
footprints while the linear galaxy bias is more sensitive
to the prior on cosmological parameters. In particular, it
is possible to note that overlapping the footprints allows
to significantly constrain the multiplicative bias. Com-
parison between columns 2 and 3, and between columns
4 and 5 of Tab. 2 shows that these enhanced constraints
on the multiplicative bias lead to improvements in the
constraints on the cosmological parameters. These im-
provements compete with and outweigh the reduction of
cosmological information arising from the fact that the
experiments’ footprints are overlapping.
Furthermore, it is necessary to point out the follow-
ing caveats. First, in the analysis that we carried out
we did not include the effect of photometric redshift er-
rors. Since the redshift bins used are quite wide, it is
reasonable to expect that photo-z errors will have a lim-
ited impact on the conclusions drawn in this work. The
investigation of this particular aspect is the focus of a
current work (Vallinotto et al. 2013). Second, the results
reported in Tab. 1 and 2 are obtained assuming that DES
will reach its stated goal of surveying galaxies down to 24
mag. If this goal is not met, the corresponding forecasts
are going to degrade accordingly.
Finally, it seems also relevant to point out the following
two general facts: first, the constraints on the multiplica-
tive bias forecasted in this work for DES also represent an
upper bound for any future cosmic shear survey with a
density of galaxies comparable or better than DES’ (like
the LSST) provided that its footprint will also overlap
with/include the CMB lensing field. As shown exten-
sively in Tab. 2, this technique allows to significantly
improve the constraints on cosmological parameters at
no additional cost. Second, since CMB lensing depends
only on the distribution of the density field, the cross-
correlation of any physical observable with it will allow
to constrain and extract the biasing relation of the lat-
ter. The results reported in this work represent a good
example of this latter fact, showing that the actual na-
ture of the biasing relation is not so relevant: while the
linear galaxy bias is a physical quantity, the shear mul-
tiplicative bias is a systematic. Nonetheless they can
both be constrained significantly by a cross-correlation
with CMB lensing. It seems therefore possible to con-
clude by speculating that CMB lensing may provide the
ultimate calibration tool for galaxy and cosmic shear sur-
veys, allowing them to constrain their systematics and to
self-calibrate their observations to high accuracy.
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